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We modelled and assessed the past, present and predicted future eutrophication status
of the Baltic Sea. The assessment covers a 350-year period from 1850 to 2200
and is based on: (1) modelled concentrations of dissolved inorganic nitrogen (DIN),
dissolved inorganic phosphorous (DIP), chlorophyll-a, Secchi depth, and oxygen under
four different of nutrient input scenarios and (2) the application of a multi-metric indicator-
based tool for assessment of eutrophication status: HEAT 3.0. This tool was previously
applied using historical observations to determine eutrophication status from 1901 to
2012. Here we apply HEAT 3.0 using results of a biogeochemical model to reveal
significant changes in eutrophication status from 1850 to 2200. Under two scenarios
where Baltic Sea Action Plan (BSAP) nutrient reduction targets are met, we expect
future good status will be achieved in most Baltic Sea basins. Under two scenarios
where nutrient loads remain at 1997–2003 levels or increase, good status will not be
achieved. The change from a healthy state without eutrophication problems in the open
waters took place in the late 1950s and early 1960s. Following introduction of the
first nutrient abatement measures, recovery began in some basins in the late 1990s,
whilst in others it commenced in the beginning of the 21st century. Based on model
results, we expect that the first basin to achieve a status without eutrophication will
be Arkona, between 2030 and 2040. By 2060–2070, a status without eutrophication
is anticipated for the Kattegat, Bornholm Basin and Gulf of Finland, followed by the
Danish straits around 2090. For the Baltic Proper and Bothnian Sea, a good status with
regard to eutrophication is not expected before 2200. Further, we conclude that two
basins are not likely to meet the targets agreed upon and to attain a status unaffected
by eutrophication, i.e., the Gulf of Riga and Bothnian Bay. These results, especially the
prediction that some basins will not achieve a good status, can be used in support of
continuous development and implementation of the regional ecosystem-based nutrient
management strategy, the HELCOM Baltic Sea Action Plan.
Keywords: eutrophication, Baltic Sea, nutrient loads, modelling, scenarios, integrated assessment, status
classification
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INTRODUCTION
The causes, process and effects of nutrient enrichment and
eutrophication in the Baltic Sea are well understood and well
documented (Larsson et al., 1985; Rönnberg and Bonsdorff,
2004; Vahtera et al., 2007; Andersen et al., 2011; Gustafsson
et al., 2012; Fleming-Lehtinen et al., 2015; Savchuk, 2018).
There is no commonly agreed definition of eutrophication, but
there is a conceptual understanding of what the consequences
of nutrient enrichment are (Andersen et al., 2006; HELCOM,
2009). Discharges, losses and inputs of nutrients from upstream
catchments, atmosphere, the North Sea and nutrient regeneration
from sediment pools lead to elevated concentration of nutrients
in seawater. In most parts of the Baltic Sea, the direct
consequences of elevated nutrient concentrations are increased
primary production and phytoplankton biomass (Richardson
and Heilmann, 1995; Wasmund et al., 2008), and in some
areas manifested as blue-green algal blooms (Finni et al.,
2001). The increased production of organic matter has negative
consequences in most parts of the Baltic Sea. The enhanced
sedimentation of organic matter has led to significantly reduced
oxygen concentrations and hypoxia has become a large-
scale problem (Conley et al., 2011; Carstensen et al., 2014).
Subsequently, reduced oxygen concentrations have affected not
only benthic invertebrates (Villnäs and Norkko, 2011) but also
the spawning success rate of cod, a commercially important
fish species (MacKenzie et al., 2000; Köster et al., 2001). The
turnover of phosphorus in seabed sediments increases with
expanding hypoxia which further amplifies primary production
and consequently oxygen demand. The so-called vicious circle
(Vahtera et al., 2007), is an important indirect effect of
eutrophication.
Baltic Sea countries have been working for decades to
reduce nutrient inputs and improve eutrophication status,
primarily under the umbrella of the Baltic Marine Environment
Protection Commission – Helsinki Commission (HELCOM).
With the adoption of the Baltic Sea Action Plan (BSAP) in 2007
(HELCOM, 2007; Backer et al., 2010), this work entered a new
phase with reductions based on numerical target values and
model calculations for basin-wise Maximum Allowable Inputs
and Country-wise Allocated Reduction Targets.
With the 2013 update of the BSAP’s eutrophication segment,
the Baltic Sea states not only implement the Ecosystem Approach
to management of human activities but also set a new standard
for the development of an adaptive and evidence-based nutrient
management strategy (HELCOM, 2013b). The environmental
objectives of the BSAP are to attain, by 2020, a healthy Baltic
Sea unaffected by eutrophication, including (1) concentrations of
nutrients close to natural levels, (2) clear water, (3) natural levels
of algae blooms, (4) natural distribution and occurrence of plants
and animals, and (5) natural oxygen levels. These objectives were
quantified into numerical targets that were subsequently used to
calculate Maximum Allowable Inputs that, if achieved, will lead
to reaching the objectives. Achieving these ambitious objectives
by 2020 is unrealistic given the long retention time of water
(30 years, Stigebrandt and Gustafsson, 2003) and nutrients (9–
50 years, Gustafsson et al., 2017) in the Baltic Sea. Indeed, the
Maximum Allowable Inputs were quantified with the prerequisite
that the targets will be met when the Baltic Sea has adjusted to
a new steady state. The mismatch between the policy goal of
2020 and the practical implementation is well known, and even
acknowledged in the 2013 HELCOM Ministerial Declaration
(HELCOM, 2013b). Nevertheless, it is still highly relevant to
determine the most likely time frames, on a regional basis, for
reaching a Baltic Sea unaffected by eutrophication.
The objectives of this study are: (1) to use results of a
biogeochemical model to classify eutrophication status of nine
Baltic Sea basins for the period 1850–2200 and (2) to identify
the basins, which are likely to see improvement to a status
not affected by eutrophication, and those basins which are not
expected to achieve this status.
MATERIALS AND METHODS
This study represents a meeting of two processes: (1) the regular
assessment of eutrophication status in the Baltic Sea region using
indicator-based eutrophication assessment tools (i.e., the HEAT
tool) and (2) the implementation of the BSAP, particularly the
expected future reduction in nutrient inputs from land-based
sources and the atmosphere.
Study Area
The Baltic Sea is an inland sea in northern Europe surrounded
by Sweden, Finland, Russia, Estonia, Latvia, Lithuania, Poland,
Germany and Denmark, covering a surface area of 415,200 km2
(Table 1). The Baltic Sea is usually divided into several basins
separated by sills, including a transition zone to the North Sea
including the Kattegat and the Danish Straits (Figure 1 and
Table 1).
The basins vary substantially regarding ice cover, temperature,
salinity, maximum depth and residence times. There is also
a wide variation in composition of the benthic biota between
basins. More information about Baltic Sea characteristics can
be found in Bonsdorff (2006), Johannesson and André (2006),
Österblom et al. (2007), and Leppäranta and Myrberg (2009).
Nutrient enrichment and eutrophication signals within the study
area are very well studied and documented (HELCOM, 2009;
Andersen et al., 2011; Carstensen et al., 2014; Fleming-Lehtinen
et al., 2015). The root causes, inputs and fluxes of nitrogen and
phosphorus are, in general, well understood and documented
(Vahtera et al., 2007; HELCOM, 2009).
Actions to improve the ecosystem health of the Baltic Sea,
including the currently impaired status regarding eutrophication,
are under way as part of the Baltic Sea Action Plan (HELCOM,
2007) and the EU Marine Strategy Framework Directive (Anon,
2008). With the most recent update of the Baltic Sea Action
Plan, the countries bordering the Baltic Sea have agreed on a
comprehensive ecosystem-based nutrient management strategy
(HELCOM, 2013b).
Data Sources
The Baltic sea Long-Term large-Scale Eutrophication Model
(BALTSEM: Gustafsson et al., 2012; Savchuk et al., 2012) is
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TABLE 1 | Key characteristic of the Baltic Sea and the nine assessments units in this study.
ID Basin Area Max depth Avg. depth Surface salinity N input avg. 2008–2010 TP input avg. 2008–2010
km2 m m PSU t yr−1 t yr−1
1 Bothnian Bay 33,232 127 41 1.8–3.9 55,780 2,580
2 Bothnian Sea 83,908 270 55 3.8–6.6 74,530 2,660
3 Gulf of Finland 29,911 123 34 1.2–5.6 125,050 6,810
4 Gulf of Riga 18,797 53 22 4.1–6.2 89,060 2,810
5 Baltic Proper 149,697 459 71 5.0–7.5
6 Bornholm Basin 42,161 100 44 4.3–8.1 413,680 16,510
7 Arkona Basin 16,405 50 25 7.6–11.3
8 Danish Straits 21,022 50 14 6.9–22.9 53,970 1,470
9 Kattegat 23,557 120 22 12.2–30.2 69,170 1,550
Total 418,690 459 51 1.2–30.2 881,240 34,390
Based on Fleming-Lehtinen et al. (2015) and Andersen et al. (2017).
a coupled physical-biogeochemical model of the Baltic Sea. It
represents the complex topography through 13 basin-specific 1D
models of high vertical resolution that are linked horizontally.
For the current study, model results from the 13 BALTSEM
basins were aggregated into the nine basins used for regional
eutrophication status assessment. The version of the BALTSEM
model which was used to generate the results used in this
study explicity describes the dynamics of nitrogen, phosphorus
and silica in separate pools. The model simulates three groups
of phytoplankton: diatoms, cyanobacteria and a third group
including dinoflagellates and all other phytoplankton. Nutrients
are taken up by phytoplankton for growth and are subsequently
regenerated by heterotroph organisms in the water column.
The model further simulates the transport of nutrients from
the water column to bottom sediment in the form of detritus,
where the organic nutrient pools are slowly remineralized.
Oxygen consumption is coupled to all mineralization processes.
BALTSEM has been validated against field data and other models
(Eilola et al., 2011; Gustafsson et al., 2012, 2017; Savchuk et al.,
2012; Meier et al., 2018a,b). It has been used to simulate the
change in ecological indicators (Meier et al., 2012; Neumann
et al., 2012) and was applied to calculate the Maximum Allowable
Inputs of nutrients to the Baltic Sea in the revision of the Baltic
Sea Action Plan (HELCOM, 2013a).
The past eutrophication status of the Baltic Sea in 1850–
2006 was simulated by forcing the BALTSEM model with
reconstructed nutrient inputs and atmospheric conditions as
described in Gustafsson et al. (2012). Its future status was then
assessed by extending the model runs for another 194 years under
different nutrient scenarios, while hydrodynamics were driven
by a statistical representation of the present climate. Nutrient
load scenarios included continuation of present nutrient inputs,
as well as declining and increasing nutrient inputs. “Present”
inputs (PLC5.5) correspond to the loads observed in the BSAP
reference period 1997–2003 as described in the review of the
5th HELCOM Pollution Load Compilation (HELCOM, 2013c).
Load reduction scenarios simulate nutrient inputs according
to the 2013 update of the BSAP’s eutrophication segment,
implemented either instantaneously (BSAP0; Figure 2) or with
a linear decrease in loads over 30 years (BSAP30). Further, a high
nutrient input scenario (BAU30) represents potential increases in
nutrient supply associated with future intensified agriculture in
the Eastern Baltic States (Meier et al., 2011; Hägg et al., 2014) with
a 30-year transition from present inputs (Figure 2). Details about
the scenarios and modelled trajectories for the parameters used
as indicators can be found as Supplementary Material.
HEAT 3.0
In this study, we apply the recent version of the HELCOM
Eutrophication Assessment Tool (HEAT 3.0), which has been
used for assessing eutrophication in the Baltic Sea for the
periods 2007–2011 (Fleming-Lehtinen et al., 2015) and 1901–
2012 (Andersen et al., 2017). HEAT 3.0 is a multimetric indicator-
based assessment tool which compares the values of several
indicator parameters with threshold values, which define the
boundary between eutrophic and non-eutrophic status. The
ratios of observed and threshold values are averaged within the
categories (1) Nutrients, (2) Direct effects, and (3) Indirect effects.
The worst (highest) ratio from the three categories determines the
overall Eutrophication Ratio (ER). An ER value greater than 1.0
indicates a eutrophic status whilst values less than 1.0 indicate a
good status.
For a detailed description of the assessment principles and
methods, please confer with the above references including the
Supplementary Material to these. Additional information on the
development of the tool and earlier versions can be found in
Andersen et al. (2010; 2011; 2014) and Fleming-Lehtinen et al.
(2015). For convenience, the HEAT3.0 method as described in
Andersen et al. (2017) is reproduced in the Supplementary
Material to this study.
The target values applied in HEAT 3.0, for the indicators
DIN, DIP, chlorophyll-a, Secchi depth, oxygen debt, are taken
from Fleming-Lehtinen et al. (2015). An overview of these values,
which are also identical to those applied in the study of temporal
trends in eutrophication status of the Baltic Sea 1901–2012
(Andersen et al., 2017), is given in Table 2. This also shows the
categories for indicator aggregation as described above. Andersen
et al. (2017) also included an indicator for benthic invertebrates
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FIGURE 1 | Map of the Baltic Sea. The numbers 1 to 9 identify the basins, as shown in Table 1 below. The darker shading indicates the open water parts of the
subdivisions. The BALTSEM model simulates conditions in the open parts, not including coastal waters.
but since this is not modelled by BALTSEM, this indicator is not
used in the model-based HEAT calculations.
RESULTS
Long-term temporal and spatial trends in eutrophication status
of the Baltic Sea were obtained by taking data originating from
modelling and applying the HEAT tool to these model results. As
a first step, we compared the HEAT classifications for the period
1901–2012, which are based on BALTSEM model results with
HEAT classifications based on observations for the same period.
The rationale was to check the strength of the similarity of the
two assessments to assess if model-based HEAT assessments (this
study) are comparable with previously published observation-
based assessments (from Andersen et al., 2017). Observation and
model based HEAT values increased from 0.6 to 0.8 in 1900–
1920 to approximately 1.0 in the 1930s. In the 1960s observed
HEAT values reached 1.5, modelled 1.3. HEAT values increased
even further and reached 2.0 based on observations and about
1.5 for modelled values in the 1990s. The relation between the
two assessments show good agreement (Figure 3), therefore we
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FIGURE 2 | Overview of the nutrient supply scenarios. The four considered nutrient input scenarios with simulated temporal variations based on a variable climate
forcing.
TABLE 2 | Basin-specific target values.
Nutrients Direct effects Indirect effects
Basin DIN DIP Chl-a Secchi Oxygen
µM µM µg L−1 m mg L−1
1. Bothnian Bay 5.2 0.07 2.0 5.8 −
2. Bothnian Sea 2.8 0.19 1,5 6.8 −
3. Gulf of Finland 3.8 0.65 2.0 5.5 8.7
4. Gulf of Riga 5.2 0.41 2.7 5.0 −
5. Baltic Proper 2.5 0.29 1.6 7.7 8.7
6. Bornholm Basin 2.5 0.3 1.8 6.9 6.4
7. Arkona Basin 2.9 0.36 1.8 7.2 −
8. Danish Straits 4.6 0.53 1.6 8.0 −
9. Kattegat 5.0 0.49 1.5 7.6 −
Indicators are winter mean concentration of total inorganic nitrogen (DIN), winter
mean concentration of total inorganic phosphorus concentrations (DIP), summer
mean concentration of chlorophyll-a (Chl-a), summer mean Secchi depth corrected
for CDOM (Secchi), and oxygen debt (Oxygen). From Andersen et al. (2017).
have carried out integrated assessments of eutrophication status
based on four different input scenarios all nine regional basins
(Figures 4A–I).
Increasing loads (BAU30 scenario) lead to a worsening of the
eutrophication status in all basins. In some basins, i.e., the Baltic
Proper (Figure 4E) and Gulf of Finland (Figure 4G), ER values
can potentially reach 2.5, indicating a bad status with significant
deviations of indicators from target values. Eutrophication status
will improve in the PLC5.5 scenario with maintained nutrient
inputs, but the target of a Baltic Sea unaffected by eutrophication
will not be reached. In this scenario, the only basin likely to meet
the BSAP objectives is the Arkona Basin (Figure 4C), although
eutrophication status in the Kattegat will approach the target
(Figure 4A).
The two load reduction scenarios (BSAP0 and BSAP30) may
potentially result in oligotrophication sensu Nixon (2009) and
thus give a better future eutrophication status in most of the
Baltic Sea basins. However, even in these best-case scenarios,
some basins are still unlikely to attain a good status according
to the HEAT classification with ER values below 1.0, i.e., the Gulf
of Riga and Bothnian Bay. BSAP0 and BSAP30 scenarios result in
a good status in 7 out of 9 basins, whereas attaining ER = 1.0 in
the Gulf of Riga and the Bothnian Sea seems unattainable.
Based on the assessment of the individual basins (Figure 4),
we can identify the year when the targets are met for each basin.
Since there is some year-to-year variation in ER, we define that
the objective of good status in a basin is met when the moving
average of ER over a 10-year period falls below 1.0. Using this
criterion, the BSAP0 scenario predicts that Arkona Basin is the
first to achieve good status, in 2024, followed by the Kattegat and
Bornholm Basin in 2057, then the Gulf of Finland and Danish
Straits in 2064 and 2080, respectively. Good status is achieved in
the Baltic Proper and Bothnian Sea around 2200, just within the
time scale of the model simulations.
The BSAP30 scenario describes a similar recovery pathway
with basins achieving good status in the same order as for the
BSAP0 scenario, however, as might be expected, with somewhat
delayed responses. Good status is achieved 9 years later in the
Arkona Basin (in 2033) and 8 years later in the Danish Straits
(in 2088). The Baltic Proper and the Bothnian Sea just manage to
achieve good status before 2200. As described above, Arkona is
the only basin expected to return to a good status in the PLC5.5
scenario in 2079, whereas good status will not be achieved for any
basin with the BAU30 scenario.
DISCUSSION
The current eutrophication status in the Baltic Sea is far from
the objectives agreed upon in the BSAP (HELCOM, 2013b).
This is well documented as shown here and in Fleming-Lehtinen
(2016) and Andersen et al. (2017). However, earlier trends of
increasing eutrophication have been reversed and the Baltic Sea
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FIGURE 3 | Comparison of model-based and observation-based HEAT classifications. Regression of Baltic average Eutrophication Ratio from BALTSEM model vs.
Eutrophication Ratio based on observations for the period 1901–2012. The gray shading indicates the 95% confidence interval.
has entered a phase of recovery (Andersen et al., 2017). Examples
of oligotrophication and partial recovery have been documented
in many coastal waters, e.g., in Denmark (Riemann et al., 2016;
Staehr et al., 2017), in Sweden (Walve et al., 2018), in the North
Sea (Andersen et al., 2016; OSPAR, 2017; van Beusekom et al.,
2018) and in United States (Bricker et al., 2008; Oviatt et al., 2017;
Zhang et al., 2018).
Comparison of observation-based HEAT classifications and
model-based HEAT classifications for entire Baltic for the period
1902–2012 shows a reasonable relation between the two methods
of assessing eutrophication status. A model essentially gives
a smoothed representation of the data and cannot describe
the micro-variability and measurement errors associated with
monitoring data, and henceforth affecting basin average values.
Therefore, it is not unexpected that the slope of the regression
(0.565) shows that the model-based HEAT results vary less than
the observation-based HEAT results. The fact that the HEAT
assessment based on observed data also includes a benthic
invertebrate quality index could possibly explain some of the
differences between model-based and observation-based HEAT
results. However, both are in reasonable agreement on where
the status changes between eutrophic and good. And since the
model-based HEAT results capture 85% of the variation seen in
the observation-based HEAT results, we conclude that using the
model-based assessments provides an important way forward to
assess the potential effects of the BSAP into the future.
Our study predicts how future eutrophication status will
improve under different scenarios of nutrient reduction. The
time required to achieve good status varies from decades in
some basins to centuries in others. The time needed for recovery
could be reduced with a faster implementation of nutrient
reductions. In most basins, there are substantial delays between
implementation of measures leading to reduced loads and
ecological responses. Lagged responses of marine ecosystems
are well-known (Carstensen et al., 2011) also due to large-scale
changes associated with global climate and increasing human
stress on coastal ecosystems.
Very few similar studies from other regions assessing the
temporal trends in eutrophication status have been published.
An example from the North Sea is OSPAR (2017), which applies
a harmonized assessment framework for the third time and
concludes that the spatial extent of ‘problem areas’ in terms of
eutrophication has decreased from approximately 169.000 km
(1990–2001) to 119.000 km2 (2001–2005) and to 100.000 km2 for
the period 2006–2014. An assessment of the effects of nutrient
enrichment in United States estuaries (n = 58) from the early
1990s to the early 2000s (Bricker et al., 2008) concludes that
conditions had remained the same over this period in most
systems (32), whilst they had worsened in 13 and improved in
13. In the future, conditions were predicted to improve in 19% of
the assessed systems. However, in 65% of the estuaries conditions
were expected to worsen, due to projected increases in nutrient
loads with increasing population density.
There are limited numbers of assessments of eutrophication
status in EU Member States and even fewer studies that
describe how ecological status improves in eutrophied marine
waters. In coastal waters susceptible to high nutrient loads,
assessment of ‘ecological status’ according to the EU Water
Framework Directive (WFD) can be considered equivalent to a
eutrophication status assessment. Accepting this, Member States’
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FIGURE 4 | Model-based HEAT assessment results. Eutrophication Ratio (ER) from 1850 to 2200 in the nine Baltic basins (A–I) are shown for four load scenarios.
For each scenario the lighter shaded line shows the annual result and the darker line the 10-year moving average result. The dotted line marks ER = 1.0, values
below which indicate achievement of good eutrophication status.
so-called Initial Assessments can provide an indirect indication
of whether conditions are improving in coastal waters. Based
on a meta-study of national reporting, a recent pan-European
assessment (Kristensen et al., 2018) concludes that the overall
ecological status of surface waters has not improved. In some
coastal waters, the assessed status is even worsening, despite River
Basin Management Plans in place to improve water quality.
To attain a Baltic Sea unaffected by eutrophication, reaching
the load reduction targets of the ecosystem-based nutrient
management strategy (the BSAP’s eutrophication segment,
HELCOM, 2007, 2013b) is required. Decision-makers and the
wider public should be aware of the current poor situation
and should be well informed on the time-scales of Baltic
ecosystem recovery. Improving the communication between
decision-makers and the scientific society should of course be
anchored in scientific studies and literature, but the primary
means of communication is not scientific papers and complicated
graphs. There is in our opinion a need for simplification, where
complex information is synthesized in info-graphics, where
messages can be more easily understood. For example, the trend
information in multiple graphs in Figure 4 can be summarized
as a single graph (Figure 5), where the eutrophication status,
and the basin-wise trends are presented using simple colour
classes. How the Baltic Sea changed from a system unaffected
by eutrophication at the beginning of the 20th century to its
present eutrophic state is now expressed in a single graph using
an intuitive colour scale. The same graph can further show
what we can expect for the future: the likely consequence of
the agreed load reductions (BSAP0 and BSAP30 scenarios),
once implemented, will cause significant improvements and
ultimately a Baltic Sea unaffected by eutrophication in most
basins.
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FIGURE 5 | Integrated assessment of eutrophication status the period 1900–2200. The colours green, yellow, orange, red indicate, respectively, “Good”
(0.5 ≤ ER < 1.0), “Moderate” (1.0 ≤ ER < 1.5), “Poor” (1.5 ≤ ER < 2.0), or “Bad” (ER > 2.0) eutrophication status. Basin abbreviations are KA, Kattegat; DS, Danish
Straits; AR, Arkona Basin; BN, Bornholm Basin; BP, Baltic Proper; GR, Gulf of Riga; GF, Gulf of Finland; BS, Bothnian Sea; BB, Bothnian Bay. The HEAT tool uses a
fifth class “High” (ER < 0.5) but none of the BALTSEM assessments returned this result.
Andersen et al. (2017) combined the status classifications
from the nine basins into an overall Baltic Sea. In this way,
data for several indicators representing different features of
the ecosystem are synthesized into a single value. In a similar
manner, this study presents the overall Baltic Sea eutrophication
status classifications for four future nutrient load scenarios
(Figure 6). The results for individual basins (Figure 4) are
thus integrated, giving a result which reflect the overall long-
term trends in eutrophication status resulting from differences
between nutrient inputs scenarios. This integration supports the
interpretation of the classification presented in Figure 5 and
reveal, not surprisingly, that PLC5.5 and BAU30 scenarios do
not lead to a Baltic Sea unaffected by eutrophication, whilst
BSAP0 and BSAP30 scenarios will both, after a considerable
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FIGURE 6 | Integrated Baltic Sea-wide HEAT assessment. Averaging the nine basin ER values to a single value representing the entire Baltic Sea. For each scenario,
the lighter shaded line shows the annual result and the darker line shows the 10-year moving average. The dotted line marks ER = 1, the boundary for good
eutrophication status. The figure also indicates the ER ranges for colours in Figure 5.
number of years, meet the overall objective of a healthy Baltic
Sea.
The long-term trends in loads, indicators and eutrophication
status follow distinctive trajectories for the four scenarios,
though the differences between BSAP0 and BSAP30 scenarios
narrow continuously. Communicating the links between human
activities, the loads to the Baltic Sea, the responses in selected
indicators, the time lags and ultimately the overall implication
with respect to eutrophication status, to decision makers is
important. One of many ways of synthesizing the results of
this Baltic Sea-wide study is to compare the trends for selected
indicators and for the worst-case (BAU30 scenario) and best-
case scenario (BSAP0 scenario). By doing so, we illustrate the
difference between implementing a state-of-the-art ecosystem-
based nutrient management strategy (BSAP) and doing nothing
at all (Figure 7).
An interesting finding from the long-term trends is that the
biological responses (chlorophyll-a, Secchi depth and oxygen
debt) return to a good status with respect to eutrophication
earlier than indicators for DIN and DIP concentrations. In
part, different degrees of model bias contribute to the difference
in timing. While BALTSEM captures phytoplankton trends, it
tends to underestimate biomass and therefore chlorophyll-a
concentrations (Supplementary Figure S8). Since phytoplankton
biomass enters Secchi depth calculations, Secchi depth is
slightly overestimated (Supplementary Figure S9), whereas
nutrient and oxygen concentrations are simulated with little bias
(Supplementary Figures S6, S7, S10). On the other hand, target
values for biological variables, nutrient and oxygen levels have
been developed by applying statistical change point detection
methods to each time-series individually (HELCOM, 2013a).
Thus, they do not necessarily reflect a single year in the
eutrophication trajectory of the Baltic Sea. That targets might
not be met simultaneously and might even be unachievable in
individual basins was also taken into account in the 2013 Baltic
Sea Action Plan revision. For example, the winter DIN target in
the Gulf of Riga was disregarded (Gustafsson and Mörth, 2013),
since increasing phosphorus limitation tended to increase DIN
concentrations in the Gulf (see also Müller-Karulis and Aigars,
2011), while other indicators like phytoplankton biomass and
oxygen debt reached their ecological targets. Both the Gulf of
Riga and the Bothnian Bay are exceptionally phosphorous limited
and becoming more so. This explains why the revised Baltic Sea
Action Plan does not include nitrogen reductions in these basins
even though nitrogen concentration targets are exceeded.
In other words, considering biological response indicators
alone, it is likely that something resembling a Baltic Sea
unaffected by eutrophication would be achieved earlier than
when all indicators are used in the assessment. The responses
of nutrient indicators to the load reductions (Figures 7D,E) do
not appear to be lag behind the responses of biological indicators
(Figures 7F,G) or oxygen debt (Figure 7H). However, they take
longer to reach the target and do not reach as close to or as far
under the target values.
Considering each of the 39 separate combinations of indicator
and basin (See Supplementary Figures S1–S5) a similar pattern
is seen. For BSAP0 and BSAP30, predicted concentrations of
chlorophyll-a in 2200 are less than 50% of the target value
in all but one of the nine basins, in some cases far less. For
winter DIN in the BSAP0 scenario, the best case is in Arkona
Basin where the concentration has fallen under the target and
reached approximately 70% of the target value by 2200. For five
of the other basins (Kattegat, Danish Straits, Bornholm Basin,
Baltic Proper, and Bothnian Sea), DIN concentrations in 2200
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FIGURE 7 | Long-term temporal trends for the Baltic Sea. (A) Estimated
(1950–2015) and predicted (2015–2100) total population of seven Baltic
countries∗, (B,C) total loads of N and P, (D–H) modelled trajectories of
Eutrophication Ratio (ER) for dissolved inorganic nitrogen (DIN), dissolved
inorganic phosphorous (DIP), chlorophyll-a, Secchi depth, and Oxygen Debt
averaged over the nine basins, for the best- (BSAP0: blue) and worst-case
(BAU30: red) load scenarios, and (I) the integrated assessment of
eutrophication status. For ER values (D–I), annual values are shown with thin
lines and the 10-year moving averages with thick lines. ∗Denmark, Estonia,
Finland, Latvia, Lithuania, Sweden, and Poland (source: United Nations
Department of Economic Social Affairs Population Division, 2017).
lie close to the target values and for the three remaining basins
(Gulf of Riga, Gulf of Finland, and Bothnian Bay) they are
clearly above target values. Thus, according to the model the
target values for nutrients are significantly more stringent than
those for chlorophyll-a, Secchi depth and oxygen debt. However,
since the biological indicators are dependent on nutrients and
not the other way around, this situation can be seen in a
positive light, in that it ensures that the nutrient targets are
sufficiently ambitious to achieve the desired changes in biological
indicators.
CONCLUSION AND PERSPECTIVES
The BSAP may, according to model predictions, be an efficient
driver regarding reduction of nutrient loads. However, this
requires commitments from all HELCOM Contracting Parties
to meet BSAP load reduction targets. Without a collective
and strong commitment, we risk failing to attain a Baltic Sea
unaffected by eutrophication.
This study indicates that a good status with respect to
eutrophication will be met for most parts of the Baltic Sea,
if the BSAP nutrient reductions are fully implemented. This
recovery has already started but the ultimate effects will
not be visible soon, but in a much longer perspective. An
encouraging result of the study is that it concludes that the
overall objective of a healthy Baltic Sea is within reach. Patience
is required, as well as a continuation of the load reductions
achieved so far, such that the load reduction targets set by
BSAP are met. An interesting and positive finding is that the
indicators representing biological responses do seem to respond
faster to load reduction than indicators representing nutrient
concentrations. This implies that the visual appearance of the
Baltic will reach a good status earlier than the integrated
assessment based on the HEAT tool and the full range of
indicators.
On a less positive note, we should remember that none of
the scenarios take into account climate change, where elevated
sea temperatures are of concern. Thus, there seems to be an
urgent need to include climate change in future updates of the
BSAP and to update the projected development in eutrophication
status.
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